Abstract -Aims: Cholesterol plays a pivotal role in many aspects of brain development; reduced cholesterol levels during brain development, as a consequence of genetic defects in cholesterol biosynthesis, leads to severe brain damage, including microcephaly and mental retardation, both of which are also hallmarks of the fetal alcohol syndrome. We had previously shown that ethanol up-regulates the levels of two cholesterol transporters, ABCA1 (ATP binding cassette-A1) and ABCG1, leading to increased cholesterol efflux and decreased cholesterol content in astrocytes in vitro. In the present study we investigated whether similar effects could be seen in vivo. Methods: Pregnant Sprague-Dawley rats were fed liquid diets containing 36% of the calories from ethanol from gestational day (GD) 6 to GD 21. A pair-fed control groups and an ad libitum control group were included in the study. ABCA1 and ABCG1 protein expression and cholesterol and phospholipid levels were measured in the neocortex of female and male fetuses at GD 21. Results: Body weights were decreased in female fetuses as a consequence of ethanol treatments. ABCA1 and ABCG1 protein levels were increased, and cholesterol levels were decreased, in the neocortex of ethanol-exposed female, but not male, fetuses. Levels of phospholipids were unchanged. Control female fetuses fed ad libitum displayed an up-regulation of ABCA1 and a decrease in cholesterol content compared with pair-fed controls, suggesting that a compensatory up-regulation of cholesterol levels may occur during food restriction. Conclusion: Maternal ethanol consumption may affect fetal brain development by increasing cholesterol transporters' expression and reducing brain cholesterol levels.
INTRODUCTION
Maternal alcohol consumption during pregnancy may lead to fetal alcohol syndrome (FAS), a dysmorphogenic neuropathological syndrome characterized by growth deficiency, craniofacial malformations and central nervous system (CNS) dysfunction (Clarren et al., 1978; Riley et al., 2011) . Damages to the CNS by in utero exposure to alcohol can result in a variety of neurobehavioral disturbances, ranging from hyperactivity/attention deficit disorder and learning disabilities in childhood (Streissguth and O'Malley, 2000) , to major depressive and psychotic disorders in adulthood (Famy et al., 1998) .
Morphological and behavioral abnormalities seen in FAS are also seen in Smith-Lemli-Opitz syndrome (SLOS) . SLOS is a disorder originating from a genetic mutation in a gene encoding for the enzyme 7-dehydrocholesterol-Δ7-reductase which catalyzes the last step of the cholesterol synthesis, leading to the biosynthesis of an inactive enzyme and to deficiency of cholesterol in the whole body (Nowaczyk et al., 1999) . Both FAS and SLOS exhibit similar patterns of growth retardation, abnormal facial features, limb malformations and behavioral dysfunctions (Streissguth et al., 1980; Nowaczyk et al., 1999; Roux et al., 2000; Cohen and Shiota, 2002) . Prominent similarities in facial abnormalities were found in rodent models of FAS and SLOS, such as hypoplasia of the frontal lobes and corpus callosum, anteverted nares, small upturned nose, long upper lip and abnormal cell rounding Lanoue et al., 1997) . Given the similarities between FAS and SLOS, we had hypothesized that in utero ethanol exposure may disrupt cholesterol homeostasis in the brain . The brain has the highest cholesterol content compared with other organs (25% of total body cholesterol), while representing only about 5% of total body weight (Dietschy and Turley, 2001) . Cholesterol in the brain is synthesized endogenously, as its uptake from the circulation is prevented by the bloodbrain barrier (Turley et al., 1996) . In the developing CNS, cholesterol plays a role in the Sonic Hedgehog signaling (Porter et al., 1996; Incardona and Roelink, 2000; Marti and Bovolenta, 2002; Cooper et al., 2003) , and is essential for neuronal survival (Michikawa and Yanagisawa, 1999) , massive synaptogenesis in CNS neurons (Mauch et al., 2001 ) and proliferation of glial cells (Dobbing and Sands, 1973) .
Cholesterol homeostasis in the brain is maintained through two processes: cholesterol synthesis and cholesterol clearance. A mechanism of brain cholesterol clearance involves cholesterol efflux from brain cells to astrocyte-released lipoproteins, which exit the brain after passing from the brain parenchyma into the cerebrospinal fluid and across the blood-brain barrier (Pitas et al., 1987; Raffai and Weisgraber, 2003; Dietschy and Turley, 2004) . Another mechanism of cholesterol excretion from the brain is through its conversion to 24S-hydroxycholesterol by the enzyme cholesterol 24-hydroxylase, belonging to the cytochrome P450 family (CYP46), which is expressed in the brain only by a subset of neurons, but not by astrocytes (Lund et al., 1999) .
In the periphery, the transporter ABCA1 (ATP binding cassette-A1) is involved in HDL formation, as it transfers phospholipids and cholesterol from the cell membrane to extracellular lipid-poor apolipoproteins leading to the formation of nascent lipoproteins (Oram and Heinecke, 2005) . Another transporter, ABCG1 (ATP binding cassette-G1) subsequently mediates cholesterol efflux to nascent lipoproteins, leading to the formation of spherical HDL (Vaughan and Oram, 2006) . A similar mechanism has been shown to be present in the brain, where ABCA1 is essential for the generation of lipoproteins from astrocytes, and ABCG1 is involved in lipoprotein remodeling (Koldamova et al., 2003; Hirsch-Reinshagen et al., 2004; Wahrle et al., 2004; Yu et al., 2010) .
We have previously shown that ethanol (25-100 mM) increases ABCA1 and ABCG1 levels, induces cholesterol efflux, and reduces cholesterol levels in primary rat astrocytes in culture . Furthermore, we have also shown that the in vivo exposure to ethanol from postnatal day 4-7 increases ABCA1 protein levels in the rat cerebral cortex . Ethanol also increases the release of lipoproteins from astrocytes (Chen et al., in preparation) . Lipoproteins induce cholesterol efflux from neurons through the interaction with ABCG4 cholesterol transporters (Chen et al., 2013) . We found that ABCG4 is not affected by ethanol in neurons and that ethanol-induced increase in cholesterol efflux from neurons is mediated exclusively by the increased availability of astrocyte-secreted lipoproteins (Chen et al., 2013) . Because of the insensitivity of ABCG4 to the direct effects of ethanol, we did not investigate this cholesterol transporter in the present study.
Aim of the present study was to investigate whether prenatal alcohol exposure would alter ABCA1, ABCG1, cholesterol and phospholipid levels in brain of fetuses at the end of gestation. The neocortex was chosen as the brain region for our investigations, as it is prominently affected by prenatal ethanol exposure. Indeed, prenatal ethanol exposure decreases the number of cortical progenitor cells (leading to reduced number of neurons and astrocytes), by affecting their proliferation and survival, and by delaying the time and rate of cortical neuronal migration in the brain cortex (Miller, 1986; Miller and Potempa, 1990; Mooney and Miller, 2007) . Supporting this hypothesis, a recent study found reduced levels of cholesterol in the cerebellum of newborn rats exposed to ethanol during gestation (Soscia et al., 2006) .
MATERIALS AND METHODS

Materials
ABCA1 and ABCG1 antibodies were from Novus Biologicals (Littleton, CO, USA). Amplex Red Cholesterol Assay Kit was from Invitrogen (Carlsbad, CA, USA). Phospholipids C kit was from Wako Chemicals USA, Inc. (Richmond, VA, USA). The enzymatic kit for the measurement of ethanol levels was from Boehringer Mannheim/R-Biopharm. Time-pregnant Sprague-Dawley rats were purchased from Charles River (Wilmington, MA, USA). All other reagents were from Sigma (St Louis, MO, USA).
Prenatal chronic ethanol exposure
All animal procedures were carried out in accordance with Institutional Animal Care and Use Committee (IACUC) of the University of Washington on animal care guidelines for the care and use of laboratory animals (IACUC-approved protocol number 2077-12). Prenatal ethanol exposure was carried out as described by Dr Joanne Weinberg and her colleagues (Glavas et al., 2006 (Glavas et al., , 2007 . A high protein Lieber-DeCarli Rat Diet used for control and pair-fed animals, and a high protein Lieber-DeCarli Rat Ethanol Diet in which 36% calories are derived from ethanol used for ethanol treatments, were purchased from Dyets, Inc. (Bethlehem, PA, USA). These diets were designed to provide adequate nutrition to pregnant dams regardless of ethanol intake. Timed-pregnant Sprague-Dawley female (200 to 250 g) rats were randomly assigned to one of three treatment groups. Rats in the control (C) group received ad libitum (140 g) access to high protein liquid LieberDeCarli diet with maltose-dextrin isocalorically substituted for ethanol; ethanol (E)-treated rats received ad libitum (140 g) access to high protein liquid Lieber-DeCarli diet containing 36% ethanol-derived calories; pair-fed (PF) rats received high protein liquid Lieber-DeCarli diet with maltose-dextrin isocalorically substituted for ethanol, with each animal pair-fed the amount consumed by a pregnant rat in the E group the previous day (g/kg body weight on the same day of gestation), to control for nutritional effects of the reduced food intake that occurs with ethanol consumption. Fresh diets were provided daily approximately at the same time (5:00 PM). Daily food intake for each group was recorded.
The ethanol diet was introduced gradually during the first 3 days of treatments. On gestational day (GD) 6 ethanol-fed animals received 1/3 ethanol diet and 2/3 pair-fed diet. On GD 7 they received 2/3 ethanol diet and 1/3 pair-fed diet. From GD 8 to GD 21 animals received the full amount of the ethanol diet. On GD 21, pregnant rats were sacrificed and fetuses were removed and weighed. Maternal blood was collected by cardiac puncture at 6:00 AM from three additional animals for the determination of blood alcohol concentration (BAC). Serum was separated and ethanol concentrations were determined using a Boehringer Mannheim/R-Biopharm kit per manufacturer's protocol. Fresh neocortical tissue from male and female fetuses was harvested, snap-frozen in liquid nitrogen and stored at −80°C for protein and lipid extraction.
Brain tissue preparation
The cerebral neocortices were weighed and homogenized using a Bullet Blender as per manufacturer's optimized protocol. Right cerebral cortices were homogenized for 3 min (setting 6) in 200 μl homogenization buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5); additional 400 µl of homogenization buffer were added and samples were homogenized for another 2 min (setting 3). Detergents (1% Nonidet P40, 0.5% Na-deoxycholate and 0.5% SDS) were added to the buffer after homogenization to avoid foam formation. The homogenates were then sonicated for three times 10 s each, rocked at 4°C for 40 min and stored at −80°C until analysis.
Western blot analysis
Protein levels in tissue homogenates were measured using the Bicinchoninic acid assay (BCA assay) according to the manufacturer's protocol; proteins (30 μg) were loaded on a 3-8% SDS-PAGE (ABCA1), or a 4-12% SDS-PAGE (ABCG1). Proteins were separated by electrophoresis and transferred to PVDF membrane. Membranes were then labeled with polyclonal antibodies against ABCA1 or ABCG1 followed by the appropriate horseradish peroxidase-conjugated IgG, and detected by chemiluminescence. Membranes were re-probed for β-actin to ensure equal loading. After detection, films were scanned and bands were quantified by densitometry and normalized to β-actin. In order to minimize errors and variability in the western blot results, ABCA1 and ABCG1 protein levels were quantified in three fetuses per sex per litter; the optical densities obtained from samples derived from fetuses of the same sex in the same litter were averaged to generate each individual value; a total of four litters were used.
Measurement of cholesterol mass
Total cholesterol content was measured using the Amplex Red assay kit (Molecular Probes) according to the manufacturer's protocol. The enzymatic assay used in these determinations can quantify both, free cholesterol and total cholesterol (by performing reactions in the presence and absence of cholesterol esterase, respectively); in this study we measured total cholesterol as it has been reported that essentially all cholesterol in the brain is unesterified (Turley et al., 1998; Quan et al., 2003; Dietschy and Turley, 2004) . Brain tissue samples prepared as described above were diluted in 1× reaction buffer, and incubated with 150 μM Amplex Red reagent, 1 U/ml horseradish peroxidase, 1 U/ml cholesterol oxidase and 0.1 U/ml cholesterol esterase in final reaction volumes of 100 μl. Reactions were incubated at 37°C for 30 min and fluorescence was measured in a Fluorocount microplate reader (PACKard) (excitation 560 nm, emission 590 nm). A standard curve was simultaneously generated using a cholesterol standard provided with the kit. The levels of cholesterol were normalized to protein content.
Measurement of phospholipids
Choline-containing phospholipids were quantified in brain tissue homogenates prepared as described above using the kit Phospholipids C (Cat # 433-36201; Wako Pure Chemical Industries) according to the manufacturer's protocol. This kit is based on three enzymatic reactions: (a) choline-containing phospholipids, which include phosphatidylcholine (lecithin), lysophosphatidylcholine (lysolecithin) and ceramidephosphocholine (sphingomyelin), are hydrolyzed to choline and phosphatidic acid, choline and N-Acyl-sphingosylphosphate, and choline and lysophosphatidic acid, respectively, by the addition to the reaction mixture of phospholipase D; (b) choline is oxidized to betaine and hydrogen peroxide by the enzyme choline oxidase; (c) the hydrogen peroxide produced causes DAOS and 4aminoantipyrine, present in the reaction mixture, to undergo a quantitative oxidative condensation catalyzed by a peroxidase, producing a blue pigment. The amount of phospholipids in the sample is determined by measuring the absorbance of the blue color. Brain homogenate samples were supplemented with 0.47 U/ml phospholipase D, 250 U/ml choline oxidase, 4.2 units/ml peroxidase, 0.77 mmol/l N-ethyl-N-3, 5-dimethoxyaniline sodium salt, 0.24 mmol/l 4-aminoantipyrine and 3.9 units/ml ascorbate oxidase in final reaction volumes of 200 μl. Reactions were incubated at 37°C for 5 min and fluorescence was measured in a colorimeter reader (absorbance at 600 nm). A standard curve was simultaneously generated using a phospholipid standard provided with the kit. The levels of phospholipid were normalized to protein content.
Statistical analysis
Data depicted in the graphs represent the means (±SEM) for each group; individual determinations were the result of the average of three fetuses/gender/treatment; each treatment was carried out in 4-6 different litters (n = 4-6). Inter-group comparisons were made by ANOVA followed by the Newman-Keuls post hoc test.
RESULTS
Pregnant rats given the ethanol diet consumed significantly less (−33%) food than rats on an ad libitum ethanol-free liquid diet (76.5 ± 6.8 vs. 113.8 ± 6.8 g/kg/day; n = 6; P < 0.01; Table 1 ). As end-points measured in this study are highly dependent on the nutritional status of the animals (see also discussion), the pair-fed group (which consumed an average of 77.1 ± 4.3 g of food/kg/day) was considered the control group for direct comparisons with ethanol-fed animals. At the beginning of the treatment, on GD 6, maternal body weights did not differ among E, PF and C dams (Table 1) . Rats in all three groups gained weight during gestation; however, at GDs 12, 18 and 21, E and PF dams weighed significantly less than C dams (P < 0.05), but did not differ from each other, suggesting an effect of reduced calorie intake, but not of ethanol, on maternal body mass. Pregnant dams in all three groups appeared healthy regardless of the lower weight gain. Ethanol intake of pregnant rats was consistent throughout gestation, averaging 13.5 ± 1.8, 13.4 ± 1.0 and 12.1 ± 2.8 g/kg body weight/day for Weeks 1, 2 and 3 of gestation, respectively (n = 6). BAC, measured in three additional animals, was 44.9 mM ± 6.5. Such BAC values are consistent with previous studies, in which upon similar treatments BAC ranged from 30 to 51 mM (Soscia et al., 2006; Glavas et al., 2007) . It should also be noted that the BAC found in the present in vivo study is in the same range of ethanol concentrations (25-100 mM) previously found to affect cholesterol homeostasis in in vitro experiments .
All subsequent determinations were carried out in GD 21 fetuses from C, E and PF pregnant rats. There were no significant differences among treatment groups with regard to litter size or number of dead fetuses (Table 1) , similarly to what previously reported by others (Glavas et al., 2006) . Body weights of the E and PF male and female fetuses were significantly lower than C fetuses at GD 21, indicating an effect of caloric restriction also on fetal growth. Furthermore, the average body weight of E fetuses was lower than that of PF fetuses, though this was due almost exclusively to an effect in female fetuses (Table 1) . This latter finding confirms that prenatal alcohol Pregnant dams were fed with a high protein Lieber-DeCarli liquid diets containing ethanol (36% of caloric intake), pair-fed a isocaloric diet, or fed a isocaloric diet ad libitum beginning on gestation day 6 and continuing throughout pregnancy. Pregnant dams were weighed on gestational days (GD) 6, 12, 18 and 21. Fetuses were weighed on GD21. The data for maternal death and spontaneous abortion are reported as the number of occurrences. The other data are reported as group means ± SEM. Data were analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test. *P < 0.05 compared with pair-fed group. # P < 0.05 compared with ad libitum control group (n = 6).
exposure reduces fetal growth, a well-known characteristic of FAS. Western blot analysis of neocortices from E21 fetuses showed that ethanol feeding increased ABCA1 and ABGC1 levels in female rats (Figs 1A, C and 2A, C) when compared with the pair-fed groups. In the ad libitum control females, ABCA1 levels were comparable to those found after ethanol feeding and higher than in the brains of pair-fed females. In contrast, ABCG1 levels in the ad libitum control females were comparable to that of pair-fed control and lower than in the ethanol group, suggesting that, in female rats, brain ABCA1 levels are regulated by the nutritional status of the fetus, while ABCG1 transporters are not. No statistical differences between the three experimental groups were detected in male fetuses (Figs 1B, D and 2B, D) . These findings confirmed our hypothesis that prenatal exposure of ethanol triggers an up-regulation of cholesterol transporters in the developing brain.
ABCA1 and ABCG1 are involved in the biogenesis and remodeling of brain lipoproteins. Increased lipoprotein availability increases cholesterol efflux from neurons and astrocytes Chen et al., 2013) ; lipoproteins represent one of the pathways of brain cholesterol clearance (Raffai and Weisgraber, 2003; Dietschy and Turley, 2004) . We hypothesized that, similarly to what observed in vitro, increased ABCA1 and ABCG1 levels would decrease cholesterol content in the cortex of ethanol-exposed E21 fetuses. In agreement with this hypothesis, we found that brains from ethanol-treated female fetuses had significantly lower cholesterol levels than brains from female pair-fed fetuses (Fig. 3A) . Furthermore, in agreement with the higher levels of ABCA1 present in ad libitum control females when compared with pair-fed animals (Fig. 1C) , we also found that cholesterol levels were lower in ad libitum control rats (Fig. 3A) .
Cholesterol levels were not affected by ethanol treatments and feeding conditions in male fetuses (Fig. 3B) .
ABCA1 is also involved in phospholipid efflux (Oram and Heinecke, 2005) ; however, we found that phospholipid levels were not significantly changed in either ethanol-treated or ad libitum control male and female fetuses compared with pair-fed controls ( Fig. 4A and B) .
DISCUSSION
The observation that offspring of mothers who abuse alcohol during pregnancy are often diagnosed with FAS and have phenotypic features similar to those born with syndromes linked to genetic defects in cholesterol biosynthesis, such as SLOS, led us to formulate the hypothesis that one of the mechanisms underlying the developmental neurotoxicity of ethanol may involve interferences with cholesterol homeostasis Costa, 2005, 2007; Guizzetti et al., 2011) . Cholesterol homeostasis in the CNS is indeed of relevance, as disruption of brain cholesterol homeostasis is associated with a number of neurodevelopmental conditions (Roux et al., 2000) . Cholesterol plays a role in the activation of signal transduction pathways (including hedgehog, IGF and GDNF signaling) involved in brain development, and in glial cell proliferation, neuronal survival, neurite outgrowth and synapse formation (Langan and Slater, 1991; Michikawa and Yanagisawa, 1999; Bochelen et al., 2000; Mauch et al., 2001; Fan et al., 2002) .
As major producers of cholesterol in the brain are glial cells, our initial studies focused on these cells cultured in vitro. We found that ethanol, at concentrations of 25-100 mM, increased cholesterol efflux from astrocytes, thereby significantly decreasing Fig. 1 . Effect of in utero ethanol exposure on ABCA1 protein levels in the neocortex. Pregnant rats were exposed to ethanol from GD 6 to GD 21 as described in Methods. ABCA1 protein levels in neocortical tissue lysates of E, PF and C male and female E21 rat fetuses were determined by western blot. Representative immunoblots from membranes labeled with ABCA1 (A, females, B, males), and β-actin (loading control; lower bands) antibodies are shown. Densitometric quantifications of ABCA1 levels in female (C) and male (D) fetuses are shown; the expression levels of ABCA1 were normalized to β-actin. Results show the mean (± SEM) of four independent measurements. Data were analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test; *P < 0.05 vs. PF. cellular cholesterol content . This effect of ethanol was due to its ability to increase the expression and proper membrane localization of lipid transporters, such as ABCA1 and ABCG1 while cholesterol synthesis was unaffected . Interestingly, various isomers of retinoic acid, which are also potent teratogens, caused a similar increase in ABCA1 and ABCG1 expression and in cholesterol efflux, and a decrease in cholesterol content in astrocytes Chen et al., 2011) . Aim of the present study was to confirm the in vitro observations with ethanol in an in vivo situation. We had already shown that administration of ethanol (2, 4, 6 g/kg) from postnatal day 4-6 increased cortical levels of ABCA1 . In the present study we investigated the effects on a prenatal exposure to alcohol on both transporters and on cholesterol and phospholipid levels. Ethanol exposure from GD 6 to GD 21 significantly reduced the mean birth weight of female fetuses compared with the PF Fig. 2 . Effect of in utero ethanol exposure on ABCG1 protein levels in the neocortex. Pregnant rats were exposed to ethanol from GD 6 to GD 21 as described in Methods. Levels of ABCG1 protein in neocortical tissue lysates of E, PF and C male and female rat E21 fetuses were determined by western blot. Representative immunoblots from membranes labeled with ABCG1 (A, females, B, males), and β-actin (loading control; lower bands) antibodies are shown. Densitometric quantifications of ABCG1 levels in female (C) and male (D) fetuses are shown; the expression levels of ABCG1 were normalized to β-actin and. Results show the mean (± SEM) of four independent measurements. Data were analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test; *P < 0.05 vs. PF; # P < 0.05 vs. Ad Libitum. Fig. 3 . Effect of in utero ethanol exposure on cholesterol levels in the neocortex. Pregnant rats were exposed to ethanol from GD 6 to GD 21 as described in Methods. Cholesterol content was measured in neocortex homogenates of E, PF and C female (A) and male (B) rat E21 fetuses using the Amplex Red Cholesterol assay kit. Results show the mean (± SEM) of four independent measurements. Data were analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test; *P < 0.05; ***P < 0.001 vs. PF; ## P < 0.01 vs. Ad Libitum.
group (Table 1) , indicating a specific effect of ethanol on body growth that was also reported in children affected by FAS; indeed, prenatal and/or postnatal growth retardation has been used in the diagnosis of FAS (Astley and Clarren, 2000) . Some of the effects found in this study may be ascribed to a reduced caloric intake by ethanol-exposed dams; these effects can be easily identified in our model as two controls were introduced, an ad libitum-fed control and a pair-fed control. The average weight gain of the dams and mean birth weight of the fetuses from the PF group were significantly lower than the ad libitum group. Although pair-feeding is a necessary control for separating nutritional effects from those of the ethanol diet, it is essentially a treatment itself, as food-restriction may represent a maternal and fetal stressor (Weinberg, 1984) . Prenatal alcohol exposure increased ABCA1 and ABCG1 levels in the neocortex of GD 21 female rat fetuses, and decreased cholesterol levels, thus confirming in vivo our previous in vitro findings Chen et al., 2013) . Of relevance is also the fact that these changes were observed at BAC of 45 mM, in the same range (25-100 mM) found to exert similar effects in vitro . These findings suggest that the decrease in cholesterol content observed in ethanol-treated fetuses may be mediated by the increase in cholesterol transporters ABCA1 and ABCG1, involved in the biogenesis of lipoproteins in astrocytes. Increased availability of lipoproteins further increases cholesterol efflux from astrocytes and neurons Chen et al., 2013) . The passage of brain lipoproteins into the blood stream through the blood-brain barrier represents one of the two pathways of brain cholesterol clearance (Raffai and Weisgraber, 2003; Dietschy and Turley, 2004) .
Using an enzymatic method to quantify cholesterol we found that the cerebral neocortex of fetuses at GD 21 contains 25 µg cholesterol/mg protein corresponding to 2 mg/g tissue (ww) and 5.1 µmol/g tissue (ww). Several studies investigated cholesterol content using standard lipid analytical methods in lambs, mice and rats of different ages and found that cholesterol levels increase with the maturation of the brain especially during the process of myelination. In one study cholesterol levels in the whole mouse brain are reported to be 1.5 mg/g tissue (ww) at 1 week, 6.0 mg/g tissue (ww) at 3 weeks, 8.5 mg/g tissue (ww) at 10 weeks and 10.6 mg/g tissue (ww) mg at 25 weeks (Quan et al., 2003) . Cholesterol content in the cerebrum in 1-week-old animals is~5 mg/g tissue (ww) (Quan et al., 2003) . Another study found that cholesterol content in the whole brain of Longs-Evans rats at gestational day 22 is 7.1 µmol/g tissue (ww), while at postnatal day 35 is 36.4 µmol/g tissue (ww) (Jurevics et al., 1997) . Taken together these reports indicate that previously published cholesterol levels obtained using standard analytical methods provided similar quantitative results, when the developmental stage of animals is kept in consideration, to the method used in this study therefore validating our results.
With regard to the effect of prenatal alcohol exposure on cholesterol levels, one study found that the cholesterol content (measured by standard analytical method) in postnatal day 20 rats whose mothers were fed ethanol during gestation and lactation was reduced (Duffy et al., 1991) , while a more recent study showed that ethanol decreases cholesterol content (measured by an enzymatic method) in the cerebellum of newborn rats prenatally exposed to ethanol (Soscia et al., 2006) . On the other hand, it was recently reported that prenatal alcohol exposure increases cholesterol levels in adult male rats (Barcelo-Coblijn et al., 2013).
As ABCA1 is also a phospholipid transporter (Oram and Heinecke, 2005) , we also investigated whether ethanol would alter phospholipid levels in the neocortex; however, this was not the case (Fig. 4) , possibly because of a compensatory increase in phospholipid biosynthesis stimulated by ethanol-induced ABCA1 up-regulation.
We measured phospholipid levels using an enzymatic assay (see 'Methods') and found~200 µg/mg of phospholipids in our samples, corresponding to 16 µmol/g tissue (ww). To validate these results we compared them to values of phospholipids measured in rodent brains using standard analytical methods. In one study it was reported that~37 µmol/g tissue (ww) was found in the cerebrum of 21 day-old Charles Foster rats (Lalitha et al., 1988) . In another study 70.8 µmol/g tissue (ww) phospholipids were found in the brain of 25 week-old SpragueDawley rats (Barcelo-Coblijn et al., 2013) . Furthermore, an Fig. 4 . Effects of in utero ethanol exposure on phospholipid levels in the neocortex. Pregnant rats were exposed to ethanol from GD 6 to GD 21 as described in Methods. Phospholipid content was measured in neocortex homogenates of E, PF and C female (A) and male (B) rat E21 fetuses using the Phospholipid D assay kit (see Methods). Results show the mean (± SEM) of four independent measurements. Data were analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test.
age-dependent increase in the content of phospholipid phosphorus was reported in 10 and 20 day-old Wistar rats (Duffy et al., 1991) . Evidence that phospholipid content increases during brain development derives also from studies in guinea pig during fetal development. A progressive increase in phosphoatidylcholine and phosphatidylethanolamine was observed in guinea pig fetuses at gestational days 25, 35, 40 and 68 (Burdge and Postle, 1995) . Together these observations suggest that brain phospholipid content increases during brain development and that the levels of phospholipids we found using an enzymatic method in fetuses at gestational day 21 are about half of the amount of phospholipids found at postnatal day 21 and a fourth of the phospholipids present in the brain of 25 week-old rats. Therefore the measurement of phospholipids carried out by an enzymatic assay appears to be in the order of magnitude of what reported by others using standard analytical methods and in line with the notion that phospholipid content increases during brain maturation. The method used in this study quantifies the amount of choline after phospholipase D hydrolysis; this approach is very specific since free choline is not present in mammalian cells where 95% of the pool of total choline is present as phosphatidylcholine, while the remaining 5% includes choline, phosphocholine, glycerophosphocholine, CDP-choline and acetylcholine (Li and Vance, 2008) . A novel and interesting finding of the present study was that the increase in ABCA1 and ABCG1 levels and the decrease in cholesterol content were only seen in female fetuses. These sex-specific effects may be due to genetic differences between males and females. In support to this possibility, several behavioral and biochemical sex differences have been reported in rats prenatally exposed to alcohol (Weinberg et al., 2008; Hellemans et al., 2010; Verma et al., 2010; Uban et al., 2013) . Another possibility is that, at GD 21, male and female brains are at a slightly different stage of development and for this reason they respond differently to alcohol insult. In support to this hypothesis we have reported that when male rats are exposed to ethanol neonatally between postnatal day 4 and 9 (which correspond to the third trimester of human gestation), we observed an increase in ABCA1 protein levels , suggesting that cholesterol and ABCG1 may also be affected by ethanol when male rats are exposed to ethanol later in development. Further studies in an animal model mimicking alcohol exposure during the third trimester of human gestation will test this hypothesis.
Also of interest is the finding that the ad libitum female controls displayed lower cholesterol content and higher ABCA1 levels in comparison to the PF group. This suggests that in addition to exposure to developmental neurotoxicants such as ethanol, cholesterol and cholesterol transporters are also regulated by nutritional factors, particularly in females. While changes in ABCA1 and cholesterol levels induced by nutritional factors represent a physiological adaptation, the effects of ethanol represent a pathological condition that may exacerbate the effects of poor nutrition on the developing brain.
Interestingly, cholesterol levels in the ad libitum control female fetuses were significantly lower also than the levels found in ethanol-treated female fetuses, while ABCA1 levels were not different in the two conditions and ABCG1 levels were significantly lower in ad libitum control than in ethanol-exposed female fetuses. It is possible that, besides the upregulation of ABCA1, inhibition of cholesterol synthesis also contributes to the reduction of cholesterol levels when the liquid diet is available ad libitum therefore leading to a further decline in cholesterol content.
We hypothesize that cholesterol levels are physiologically regulated by factors, such as brain cholesterol availability, that may be modulated by the diet. The nutritional status of pair-fed animals is different from the nutritional status of ad libitum liquid diet fed animals. Indeed, the pair-fed animals received the same amount of diet ingested by animals in the ethanol group. Since ethanol-treated animals eat less than control animals (as shown in Table 1 , rats in the ethanol and pair-fed group eat~35% less diet than animals in the ad libitum group and the weight of dams in the pair-fed and ethanol groups is significantly lower than the weight of dams in the ad libitum control group on gestational days 18 and 21), we hypothesize that the availability of nutrients and cholesterol, such as under the ad libitum conditions, triggers a physiological homeostatic mechanism that reduces cholesterol content through the upregulation of ABCA1 transporter. On the other hand, under conditions in which the availability of dietary cholesterol is restricted, the developing brain prevents cholesterol loss by down-regulating ABCA1 levels. However, ethanol disrupts this equilibrium by upregulating ABCA1 and ABCG1 levels and reducing cholesterol levels under the conditions of low nutrient availability. The hypothesized interaction of ethanol with the nutritional status of the fetus suggested by our results is in line with the observation that an extraordinarily high prevalence of FAS and FASD has been reported in very poor regions of South Africa in which malnutrition is widespread (May et al., 2000) .
Although not fully characterized, there are at least two pathways by which cholesterol exits the brain. One pathway is through the conversion of cholesterol to 24-S-hydroxycholesterol, a blood-brain barrier-permeable cholesterol metabolite, by the neuronal specific enzyme cholesterol 24-hydroxylase (or CYP46) (Lund et al., 1999; Dietschy and Turley, 2004) . The other pathway involves the passage of brain lipoproteins into the blood stream, likely mediated by lipoprotein transporters or receptors present in the endothelial cells of the blood-brain barrier (Pitas et al., 1987; Raffai and Weisgraber, 2003; Dietschy and Turley, 2004) . The conversion of cholesterol to 24-S-hydroxycholesterol is considered the main pathway of cholesterol clearance in the normal, adult brain, accounting for about 64% of cholesterol clearance. However, CYP46 is expressed only in a subset of neurons in the brain. Furthermore, CYP46 and, consequently, 24-S-hydroxycholesterol levels are low at birth and very slowly increase to reach the maximal levels only at about 4 weeks of age (Lund et al., 1999; Dietschy and Turley, 2004) . Cholesterol clearance by the lipoprotein pathway through the blood-brain barrier is likely to play a major role during brain development when CYP46 levels are low and the blood-brain barrier not completely formed, particularly for removing cholesterol from neurons non-expressing CYP46 and glial cells.
It has been reported that astrocytes-released lipoproteins interact with members of the LDL receptor family expressed in neurons to induce synaptogenesis and axonal growth after axotomy and to prevent neuronal apoptosis induced by growth factor withdrawal (Mauch et al., 2001; Hayashi et al., 2004 Hayashi et al., , 2009 Matsuo et al., 2011) . The effects of astrocytes-released lipoproteins on synaptogenesis have been attributed to cholesterol (Mauch et al., 2001) , on neuronal survival to the signaling pathway activated by the binding (but not uptake) of lipoproteins to the low-density lipoprotein receptor-related protein-1 (Hayashi et al., 2004 (Hayashi et al., , 2009 ) and on axonal growth to sphingomyelin (Matsuo et al., 2011) . It has also been reported that, under specific conditions, such as after nerve injury, lipoprotein receptors are upregulated, likely to allow for the uptake of cholesterol at the damaged axonal terminal (Boyles et al., 1989) . In a similar fashion, an upregulation of lipoprotein receptors at the axonal terminals may occur during synaptogenesis to provide cholesterol necessary to the formation of synaptic structures. It should however be pointed out that several members of the low-density lipoprotein receptors found in the brain do not have a lipoprotein uptake function, but instead activate signal transduction pathways important during brain development (Herz, 2001) .
On the other hand, our group and others have shown that HDL and astrocyte-released lipoproteins act as cholesterol acceptors and extract cholesterol from astrocytes and neurons through their interaction with ABCA1, ABCG1 and ABCG4 transporters (Michikawa et al., 2000; Kim et al., 2007; Chen et al., 2013) . This role of HDL-like proteins in the brain is similar to the well-characterized HDL-mediated removal of excessive cellular cholesterol in the periphery known as reverse cholesterol transport (Oram and Heinecke, 2005) . Indeed, lipid-poor, HDL-like lipoproteins released by astrocytes extract lipids and cholesterol from brain cells, including other glial cells and neurons, and are remodeled into bigger lipoproteins that are spherical and richer in lipids and are found in the cerebrospinal fluid (LaDu et al., 1998; Yu et al., 2010) . We also observed that protracted exposures to lipoproteins induce continuous cholesterol efflux form neurons, which is initially compensated by increased cholesterol synthesis but that later leads to reduced levels of cholesterol in these cells (Chen et al., unpublished) .
Further studies are necessary to establish the relative contribution of these two pathways to cholesterol homeostasis in neurons and to fully understand the role of brain lipoproteins (Wang and Eckel, 2014) . Our results showing higher cholesterol transporter levels and lower cholesterol levels after prenatal alcohol exposure and under conditions of high nutrient availability are consistent with the role of ABC cholesterol transporters as regulators of brain cholesterol levels.
In conclusion, we have shown that prenatal alcohol exposure up-regulates ABCA1 and ABCG1 cholesterol transporters and reduces the levels of cholesterol in the neocortex of GD 21 female fetuses. These effects may contribute to the developmental effects of ethanol, as cholesterol plays a major role in brain development.
